Rhodospirillum rubrum and Rhodopseudomonas capsulata were able to grow anaerobically in the dark either by a strict mixed-acid fermentation of sugars or, in the presence of an appropriate electron acceptor, by an energy-linked anaerobic respiration. Both species fermented fructose without the addition of accessory oxidants, but required the initial presence of bicarbonate before fermentative growth could begin. Major products of R. rubrum fermentation were succinate, acetate, propionate, formate, hydrogen, and carbon dioxide; R. capsulata produced major amounts of lactate, acetate, succinate, hydrogen, and carbon dioxide. R. rubrum and R. capsulata were also capable of growing strictly through anaerobic, respiratory mechanisms. Nonfermentable substrates, such as succinate, malate, or acetate, supported growth only in the presence of an electron acceptor such as dimethyl sulfoxide or trimethylamine oxide. Carbon dioxide and dimethyl sulfide were produced during growth of R. rubrum and R. capsulata on succinate plus dimethyl sulfoxide. Molar growth yields from cultures grown anaerobically in the dark on fructose plus dimethyl sulfoxide were 3.8 to 4.6 times higher than values obtained from growth on fructose alone and were 56 to 60% of the values obtained from aerobic, respiratory growth with fructose. Likewise, molar growth yields from anaerobic, respiratory growth conditions with succinate plus dimethyl sulfoxide were 51 to 54% of the values obtained from aerobic, respiratory growth with succinate. The data indicate that dimethyl sulfoxide or trimethylamine oxide as a terminal oxidant is approximately 33 to 41% as efficient as 02 in conserving energy through electron transport-linked respiration. Yen and Marrs (24) and Madigan and Gest (9) reported that R. capsulata was capable of anaerobic, dark growth on sugars but only with the addition of an accessory oxidant, such as dimethyl sulfoxide (DMSO) or trimethylamine-Noxide (TMAO), which was reduced during growth. End products of fructose catabolism in the presence of TMAO were acetate, formate, carbon dioxide, trimethylamine, and, upon exhaustion of the TMAO, lactate (8). Madigan et al. (8) concluded that the required oxidant functioned only as an electron sink for the disposal of reducing equivalents generated by a "facilitated fermentation" mechanism rather than as a terminal electron acceptor for electron transportdriven phosphorylation. However, this differed from results obtained with two nonphotosynthetic bacteria, Proteus and an unidentified strain, DL-1, with which DMSO or TMAO appeared to be the terminal electron acceptor in an anaerobic, oxidative phosphorylation process (16, 25) .
Rhodospirillum rubrum and Rhodopseudomonas capsulata, both purple nonsulfur photosynthetic bacteria, are capable of growth in anaerobic, light conditions and aerobic, dark conditions (20) . Recent reports indicate that they can also grow anaerobically in darkness. Growth dependent on the anaerobic, dark fermentation of pyruvate has been demonstrated in strains of R. rubrum (12, 19) . Uffen (17) found that the products of pyruvate fermentation were acetate, formate, carbon dioxide, and hydrogen; Schon and Biedermann (13) reported that propionate, acetate, and carbon dioxide were formed under anaerobic, dark incubation conditions by cultures of R. rubrum with pyruvate or fructose, but increases in cell mass were limited to about one doubling. Prolonged, strictly fermentative growth of a photosynthetic bacterium on sugars has not been previously demonstrated.
Yen and Marrs (24) and Madigan and Gest (9) reported that R. capsulata was capable of anaerobic, dark growth on sugars but only with the addition of an accessory oxidant, such as dimethyl sulfoxide (DMSO) or trimethylamine-Noxide (TMAO), which was reduced during growth. End products of fructose catabolism in the presence of TMAO were acetate, formate, carbon dioxide, trimethylamine, and, upon exhaustion of the TMAO, lactate (8) . Madigan et al. (8) concluded that the required oxidant functioned only as an electron sink for the disposal of reducing equivalents generated by a "facilitated fermentation" mechanism rather than as a terminal electron acceptor for electron transportdriven phosphorylation. However, this differed from results obtained with two nonphotosynthetic bacteria, Proteus and an unidentified strain, DL-1, with which DMSO or TMAO appeared to be the terminal electron acceptor in an anaerobic, oxidative phosphorylation process (16, 25) .
In this communication we report on the ability of R. rubrum and R. capsulata to grow fermentatively on sugars in the absence of added oxidant or, alternatively, to grow on nonfermentable substrates in the presence of DMSO or TMAO. Analyses of growth, substrate utilization, and product formation revealed that R. rubrum and R. capsulata are capable of anaerobic, dark growth uiing either fermentative or anaerobic, respiratory mechanisms.
MATERIALS AND METHODS
Orpgnm . R. rubrum G9 and R. capsulata B10 were used unless otherwise specified. A spontaneous rifampin-resistant mutant of G9 was obtained by incubating G9 under anaerobic, dark conditions on RCVBN medium containing 80 mM DMSO and 0.1 mg of rifampin per ml. Other strains used were from our culture collection. A second copy of R. capsulata B10 was obtained from Michael Madign; both copies yielded similar data.
Medfia and growth condito. RCVBN medium without a carbon source (11) , amended to include 11.8 mg of FeSO4 * 7H20), was used as the basal medium.
Though not essential, 0.05% yeast extract stimulated growth and was included in the basal medium where noted. Carbon sources were 30 mM sodium malate, 35 mM sodium succinate, 22 were removed for substrate analysis, and the flasks were stoppered. For anaerobic, dark studies, cultures were stored in incubators maintained at 30°C. Anaerobic, light cultures were grown at 30°C in an illuminated cabinet in which they were exposed to 32 W/m2 from 40-W incandescent showcase lamps. For aerobic, dark studies, cultures were incubated in a darkened oscillating water bath at 30'C. All cultures were harvested at maximum growth.
For hydrogen determinations, serum-stoppered Wheaton vials (39-ml volume) containing 10 ml of culture fluid were used. Vials were gassed with ultrapure N2 after inoculation.
To 49 ,000, 25,000, and 37,500 dpm/4mol, respectively. Substrates were ifiter sterilized separately and added to 15 ml of medium at a concentration of 100,000 to 150,000 dpm/ ml for fructose, 500,000 dpm/ml for acetate, and 100,000 to 175,000 dpm/ml for succinate.
Survey of anaerobic, dark growth. H2SO4 . After at least 30 min of sparging, the contents of the traps were combined and samples were withdrawn for analysis. Excess BaCl2 was added to the samples, which were then titrated with 0.1 N HCI, with phenolphthalein as an endpoint indicator. Samples of NaOH through which no CO2 had been bubbled were also titrated, and the values were subtracted from those cultures evolving CO2 (10) . The initial amount of CO2 present in the culture was subtracted from the amount of CO2 present after growth of the bacteria.
CO2 formed from radioactive substrates was determined by acidifying the culture medium with H2SO4 and sweeping the headspace gas with N2 into two sequential phenethylamine-methanol (1:1, vol/vol) traps. Radioactivity trapped in this way was assumed to be due solely to "4CO2, the quantity of which was calculated from the specific activity of "4C-labeled substrates.
Quantitation of substrates and products. Culture samples were centrifuged at 20,000 x g for 10 min at 4°C and decanted. The supernatant was frozen at -20°C for later assay. Fructose and lactic acid were assayed by the methods of Spiro (14) and Barker and Summerson (1), respectively. Trimethylamine was determined by the method of Dyer (5). Volatile and nonvolatile organic acids were extracted from the spent medium (6) and were identified by gas chromatography, with the use of internal and external standards. A stainless-steel column (l/8 in. by 6 ft, 3 mm by 1.8 m) containing 15% SP1220-1% H3PO4 on Chromosorb W AW (Supelco, Inc.) was operated at 130'C with a thermal conductivity detector. DMSO, which was extracted with the nonvolatile organic acids, could also be quantitated on this column. Dimethyl sulfide concentrations were determined by gas chromatography using a Teflon column (3 mm by 1.8 m) of Carbopack B-1.5% XE60-1.0%o H3PO4 (Supelco, Inc.) and a flame ionization detector. Serum-stoppered Wheaton bottles containing culture fluid or standard dimethyl sulfide (Aldrich Chemical Co.) were heated for 20 min at 65'C; 0.1-ml samples of gas were injected into the column at 40'C.
Hydrogen was measured in a 1.5-ml water-jacketed chamber fitted with a 5331 Clark-type electrode (Yellow Springs Instrument Co.) as described by Wang et al. (21) . Bacteriochlorophyll was determined spectrally after exhaustive extraction of cells with acetone/ methanol (2).
Incorporation of '4C into cell material. Cells were harvested by centrifugation, washed twice with distilled water, boiled for 10 min in 1 N NaOH, and cooled. After the addition of one drop of 30To H202, the hydrolyzed cells were neutralized with HCI and phosphate buffer (pH 7.0). Radioactivity of samples was determined by using a model LS9000 liquid scintillation counter and MP scintillation cocktail (Beckman Instruments, Inc.). All samples were corrected for self-absorption by an external standardization method (H-number To discount the possibility that anaerobic, dark growth of R. rubrum and R. capsulata cultures was actually due to the selection of a mutant cell line with aberrant metabolic properties, photosynthetically or aerobically grown cultures, not previously exposed to the anaerobic, dark regimen, were diluted, plated on fructose or malate, and incubated under several growth conditions. Results showed that similar numbers of cells of R. rubrum could grow on fructose anaerobically in the light, aerobically in the dark, or fermentatively in the dark. Likewise, cells of both strains could grow equally well on malate plates incubated aerobically in the dark, anaerobically in the light, or anaerobically in the dark with DMSO.
Long-term anaerobic, dark growth of R. rubrum. After periods of prolonged anaerobic, dark growth, R. rubrum lost its photosynthetic pigment in the same manner as that described by Uffen et al. (18) (Table 3) . Oxidized carbon waste products were compensated by formation of H2, resulting in an oxidation-reduction balance of 1.11.
The addition of DMSO to the fructose medium significantly altered the products of fructose metabolism (Table 3) . Only acetate and CO2 were recovered as products (other than dimethyl sulfide) and accounted for 102% of the carbon dissimilated by R. rubrum. However, the concentration of acetate present in the medium was time dependent when R. rubrum was grown under conditions of limiting fructose. The acetate "pool" formed during early stages of growth was subsequently oxidized, with concomitant DMSO reduction, as fructose became exhausted (Fig. 3) .
When R. rubrum was grown on succinate plus DMSO (Table 3) , CO2 was the major labeled product formed during growth, accounting for 79% of the carbon metabolized. About 10%o of the labeled carbon was recovered in the supernatant but was not identified. The low oxidationreduction balance suggests the presence of an additional oxidized carbon product.
R. capsulata produced C02, lactate, acetate, H2, and succinate in addition to a small amount of butyrate during fermentative growth on fructose (Table 4) . These products accounted for 107% of the carbon metabolized. In contrast, the major products from growth on fructose plus (13) , who correlated propionate production with CO2 fixation during pyruvate fermentation in resting cells of R. rubrum. Presumably, carbon dioxide is required for the formation of C4 acids; this has been shown to be true for several microorganisms, including Bacteroides fragilis, which ferments glucose to succinate and propionate via the reductive tricarboxylic acid pathway (7) . This pathway appears to involve a b-type cytochrome, which mediates an anaerobic, electron transport involved with the reduction of fumarate to succinate (22) . Although cand b-type cytochromes have been detected in fermenting cells ofphotosynthetic bacteria (J. E. Schultz and P. F. Weaver, to be published), it is not yet known whether propionate and succinate production by these organisms involves electron transport, as is the case in fermenting nonphotosynthetic bacteria.
Values obtained for molar growth yields in some cases may be slightly high as a result of the formation of storage polymers, such as poly-phydroxybutyrate or glycogen. Indeed, Madigan et al. (8) reported that as much as 20% of the cell dry weight was poly-,-hydroxybutyrate when R. capsulata was grown under anaerobic, dark conditions on fructose plus TMAO. Such refinements in the growth yield calculations, however, will not significantly alter the present data, which indicate a 360% increase (Table 2) in cell yield for R. capsulata when fructose was oxidized with DMSO as opposed to when it was fermented. About 43% of this increase can be attributed to additional substrate-level phosphorylation accompanying the production of 0.42 mol of excess acetate and total oxidation of 0.3 mol of fructose (Table 4) .
Using the YATP value of 7.7 for R. capsulata grown fermentatively, we calculated that during growth on fructose plus DMSO (data from Table  2 wherein no reduced carbon intermediates remained) 7.6 mol of ATP was formed per mol of fructose dissimilated (58.5 g of cells * mol of fructose-' x mol of ATP * 7.7 g of cells-1).
Since the complete dissimilation of fructose should yield 6 CO2 + 10 NADH + 2 reduced flavin adenine dinucleotide + 4 ATP (from substrate-level phosphorylation), an additional 3.6 ATP must be obtained from oxidation of the reduced nucleotides. Thus, the P/2e-ratio with DMSO as oxidant is 0.30. Theoretically, if there are two, completely coupled, energy conservation steps in the reduction of DMSO by NADH (one from reduced flavin adenine dinucleotide), the P/2e-ratio would be 1.83; if one, it would be 0.83; if none, as predicted by Madigan et al. (8) , it would be 0. Although the ratio obtained is greater than 0, the actual number of phosphorylation steps is not readily discernible as a result of apparent uncoupling in vivo. In vitro phosphorylation studies will be the subject of a later report.
Similar calculations for R. capsulata growth on fructose plus 02 indicate that 12.7 mol of ATP is synthesized per mol of fructose dissimilated, of which 8.7 mol is generated by electron transport-linked phosphorylation. The P/2e-ratio to 02 iS therefore 0.72, or 2.4 times that of 
